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ABSTRACT 
 
Measurements of soft tissue anisotropy using instrumented indentation are of interest because of 
the potential for indentation-based clinical diagnostics. Shortage of previous research relating to 
instrumented indentation of soft tissue in the kPa range, such as tendon, motivated a protocol 
development phase in our study. Once indents in tendon were repeatedly successful and the 
protocol validated, elastic-anisotropy in tendon was studied on the premise that collagen fibers in 
tendon are highly-ordered and unidirectional. Samples of porcine superflexor tendon were 
mounted for indentation such that the collagen fibers were oriented one of three possible ways 
relative to the indentation probe: parallel to the probe (longitudinal indentation), perpendicular 
to the probe (lateral indentation), or 45° to the probe (intermediate indentation). Non-significant 
differences in the reduced elastic modulus of the three experimental groups suggest that porcine 
superflexor tendon anisotropy is not detected by instrumented indentation. Contextualizing 
these results within the concept of indentation strain provides support for the possibility that the 
critical strain required for the onset of anisotropy in tendon is perhaps beyond the deformation 
range on the instrumented indentation system. With respect to protocol development for 
instrumented indentation of soft tissues, new insight is provided into the importance of clearing 
the indentation probe between successive indents of biological debris to ensure data integrity.  
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Chapter 1. Introduction  
 
Studying the anisotropic properties of tendon enables understanding of how collagen fiber 
alignment contributes to mechanical properties in soft tissue. Generally, tendon exhibits a 
highly-ordered and densely-packed unidirectional arrangement of collagen fibers (see Figure 1). 
This form allows tendon to transmit tensile forces generated by muscle to bone, thereby 
producing joint motion (Kannus, 2000).  Although tendon largely sees tensile forces, it can also 
undergo compressive loading (Benjamin & Ralphs, 1998; Williams, Elder, Bouvard, & 
Horstemeyer, 2008). Compositionally, tendon is 70% water and 30% solids. Tenocytes and 
tenoblasts jointly account for ~95% of the tendon cellular matter (Xue et al., 2009). Both of these 
cell types are oriented along the long axis of the tendon (Kannus, 2000); however, each has its 
own distinct responsibility. Tenocytes synthesize collagen and other components of the 
extracellular matrix, and tenocytes function as immature tendon cells that ultimately develop 
into tenoblasts (Kannus, 2000). In the extracellular matrix, collagen and elastin fibers in tendon 
are bound by a proteoglycan-water matrix (Kannus, 2000). Tendon’s characteristic strength 
comes from mostly type I collagen, a fibrous protein that accounts for 65-80% of its dry mass. 
Other notable constituents of tendon include elastin, accounting for 1-2% of its dry mass, and 
proteoglycans, which can account for anywhere between 1%-20% of its dry mass (Kannus, 2000) 
 
 
 
 
 
 
 
            
 
Figure 1. Collagen structural hierarchy in tendon spans six distinctive hierarchical levels: 
tropocollagen, microfibril, subfibril, fibril, fascicle, and the tendon itself. At each level, the 
primary building unit is longitudinally arranged, leading to an overall unidirectional structure 
that enables tendon to resist longitudinal deformation generated by muscles. Reproduced from 
(Towler & Gelberman, 2006).  
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Structurally, collagen fibers are predominately oriented longitudinally along the whole length of 
tendons with the ratio of longitudinally to transversely oriented fibers being previously reported 
as varying between 10:1 and 26:1 (Kannus, 2000).  In tendon, longitudinal collagen fibers are 
intricately assembled, exhibiting five types of fiber crossing: parallel running fibers, simple 
crossing of two fibers, crossing of two fibers with one straight-running fiber, a plait formation 
with three fibers, and up-typing of parallel running fibers with one fiber (Kannus, 2000).  Given 
the high degree of alignment in its collagen architecture and sample-to-sample similarity, tendon 
provides an attractive biological system by which to evaluate the influence of collagen fiber 
alignment on mechanical properties in soft biological tissue.  
 
Experimentally characterizing mechanical anisotropy of soft tissue advances the field of soft 
tissue biomechanics, especially the construction and validation of constitutive models of soft 
tissue. Many of the challenges encountered in soft tissue constitutive modeling are related to the 
mechanical complexity of soft tissue, which are nonlinear, anisotropic, inhomogeneous, 
viscoelastic, and poroelastic (M. Cerrolaza, M. Doblare, G. Martínez, 2004). Better understanding 
of tissue mechanics provides an improved conceptual and theoretical framework, enabling 
predictive computational modeling. The need for such computational models for soft tissues, 
such as tendon, is apparent. Clinical solutions for pathological conditions affecting the tendon, 
such as tendinitis, could be explored and developed. 
 
Prior research has focused on using traditional bulk techniques to evaluate anisotropy in soft 
tissue (Williams et al., 2008). In tension and compression bulk tests, tendon is mechanically 
anisotropic (Elliott, Lynch, Johannessen, Wu, & Wu, 2003; Williams et al., 2008). Although these 
mechanical testing approaches are reasonable, they carry several limitations, including not being 
amenable to all soft tissue types and not enabling anisotropy characterization at length scales 
important to soft tissue, which exhibit highly hierarchical microstructures. For instance, the 
slippery and fragile nature of biological tissue is problematic for gripping tissue for tensile testing 
(Ng, Chou, & Krishna, 2005). The aim of this study was to quantify micro-scale elastic-
anisotropy in tendon by performing instrumented indentation-based indents on porcine 
superflexor tendon samples. 
 
Sparsity of previous research relating to instrumented indentation of soft tissue in the kPa range 
(Charitidis, 2011), such as tendon, necessitated a protocol development phase in our study. Once 
repeatable indents in tendon were achieved and the protocol validated, anisotropy in tendon was 
studied by leveraging the highly-ordered and unidirectional nature of its collagen fibers. The 
tendon samples were mounted for indentation such that the collagen fibers were oriented one of 
three possible ways relative to the indentation probe: parallel to the probe (longitudinal 
indentation), perpendicular to the probe (lateral indentation), or 45° to the probe (intermediate 
indentation).  
 
Our research corroborates that instrumented indentation is a powerful technique for reliably 
evaluating the point-by-point mechanical properties of soft tissue, such as tendon. The 
indentation protocol presented here for biological tissue in the kPa stiffness range is robust and 
can be adopted to measure properties of other similarly soft tissue using instrumented 
indentation. While results from this investigation show absence of micro-scale anisotropy, as 
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measured by instrumented indentation in the porcine superflexor tendon samples, the data 
provide new insight into indentation probe fouling and its affect on measured mechanical 
properties. Overcoming this experimental challenge, which has not been previously discussed in 
detail in relevant literature (Akhtar, 2010; Ebenstein & Pruitt, 2004; Franke, Göken, & Hodge, 
n.d.; Li, Pruitt, & King, 2006; Nayar, Weiland, & Hodge, 2011; Oyen, 2011; Taylor et al., 2013), 
proved crucial to gathering reliable mechanical property data on soft biological tissue, such as 
tendon, using the instrumented indentation system.  
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Chapter 2. Materials and Methods  
 
2.1 Tissue Samples and Preparation 
 
Frozen porcine feet were sourced from a local abattoir and kept at -20°C. Feet were thawed 
overnight at 4°C prior to extraction of the superflexor tendon (see Figure 2A). Care was exercised 
to exclude tendon tissue near the tendon-muscle and tendon-bone junctions. Extraneous 
connective tissue was trimmed to fully isolate the tendon.  Subsequently, tendon samples were 
cut to generate three different test groups for indentation (see Figure 2B). Samples equilibrated in 
phosphate buffered saline (PBS) solution at room temperature for at least three hours before 
indentation testing. Samples were immobilized on glass coverslips using a thin layer of 
cyanoacrylate (Loctite Super Glue Gel Control, Henkel Corporation, Rocky Hills, Connecticut). 
Prior research has validated the biocompatibility of using cyanoacrylate as a biological tissue 
adhesive in this fashion, showing no influence on the measured mechanical properties (Nayar et 
al., 2011). Coverslips were then affixed using cyanoacrylate in the center of a cylindrical petri 
dish, which in the next step was filled with PBS to prevent tissue dehydration during testing. The 
underside of the petri dish had a metal backing, which allowed for magnetic contact between the 
petri dish and the sample stage of the instrument (see Figure 2C).  
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Figure 2. A) Plantar surface of the porcine foot is shown and the superflexor tendon is identified 
by the dotted line. Tendon was excised and cleaned of extraneous tissue. B) Superflexor tendon 
was cut to generate three test groups: Longitudinal, Lateral, and Intermediate. Each test group 
was distinct in its orientation of the collagen fibers relative to the vertical axis of the indentation 
probe. The primary orientation of the collagen fibers in each test group is highlighted by the 
respective double red arrow. Approximate sample dimensions of each orientation were as 
follows: Lateral (~14.5mm W x ~3mm H), Longitudinal (~6mm ø x ~4.5mm H), Intermediate 
(~9mm W x ~5mm H). C) The placement of the tissue in the petri dish is illustrated. Samples 
were immobilized using cyanoacrylate and submerged in PBS for the duration of testing.   
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2.2 Instrumented Indentation 
 
Indents were performed using the TriboIndenter (Hysitron Inc., Minneapolis, Minnesota). This 
instrument is equipped with a 3-plate capactive transducer and features a laboratory noise floor 
displacement resolution of 1 nm and a force resolution of 100 nN (see Figure 3A). Under 
displacement-controlled operation, the top and bottom plates of the three-plate capactive 
transducer are subjected to AC signals 180° out of phase with each other. Concurrently, the 
center, or floating plate, receives and sums the signals, resulting in displacement of the plate.  The 
corresponding force measurements come from tracking the displacement of a Hookean spring 
with a known calibrated stiffness (U.S. National Institutes of Standards and Technology 
traceable).  
 
Indents were performed using a flat punch fluid cell probe as it provides several advantages for 
soft tissues (see Figure 3B). The nominal 500-μm-radius sapphire probe (Microstar 
Technologies, Huntsville, Texas) is designed to minimize stress concentrations, enabling 
measurements in the linear stress-strain limit (elastic regime). Additionally, the flat punch is 
superior to other tip geometries for soft tissue because it eliminates the need for a properly 
defined area function given its constant circular area. One other advantage of a flat punch is that 
compared to other tip geometries, it produces a more uniform, uniaxial stress-state, making it 
extremely appropriate for comparative studies, such as this one (Gupta, 2008).  
 
Calibration procedures for the instrument are described briefly here, but are detailed elsewhere 
(Gupta, 2008). The “air indent”, which calibrates for the electrostatic force (ESF) constant and 
the electrode gap, was performed in PBS solution rather than in air since measurements took 
place while the tissue was submerged in solution; it was important to self-calibrate the transducer 
in the relevant fluid environment. For a probe size of 500-μm, the default XY-offset between the 
indenter probe and the optics is sufficient, especially if microstructural features on the sample are 
not of special interest, as was the case in this study. Consequently, the optics-probe offset 
calibration was performed on electropolished aluminum solely to establish the Z-distance 
between the end of the indenter probe and the focal plane of the optics. The thermal drift 
correction was disabled since the thermal drift was deemed to be negligible.  
 
Tissue location was mapped on the stage using the in situ optical microscope.  Indents were 
performed with displacement feedback control using a trapezoidal load function with a 10-s 
ramp to a peak displacement of 10μm, followed by a 10-s hold and then a 10-s unload. Detecting 
the surface for compliant samples such as soft biological tissue is a well-known challenge in 
instrumented indentation, especially since biological samples are generally tested wet or 
submerged in fluid (Charitidis, 2011). To avoid a false positive of being in contact with the 
sample, the sample was approached at an elevated set-point force. Once the sample surface was 
detected, the indenter tip was withdrawn to the maximum back-travel distance of 2μm. The set-
point force was then lowered to 2μN, and indents were performed. Figure 4 is a schematic of the 
contact between indentation probe and the biological sample.  
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Figure 3. A) The TriboIndenter is equipped with a 3-plate capacitive transducer, which is the 
heart of the instrument. The optics column is used for visualizing the sample and defining its 
location on the sample stage.  B) The 500μm-radius sapphire probe.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. For data integrity, full contact between the indentation probe and the sample is 
necessary.  Deep indents (to 10μm) were designed to ensure plano-parallel contact between the 
tip and the sample.  
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Experiments conducted in the protocol development phase revealed that biological debris 
adhered to the tip during contact with the sample (see Results). The accumulation of the debris 
on the tip was quantified as it affected subsequent measurements of the sample. Analysis of this 
preliminary data underscored the importance of cleaning the probe following each indent, and 
this step was implemented for data collected during the experiment phase of this research study. 
The six-step tip cleaning procedure entailed dismounting the transducer, removing the tip, 
manually cleaning the tip, re-installing the tip, and re-mounting the transducer. The tip was 
gently cleaned under a stereomicroscope using methanol-soaked cotton swabs and dried with 
pressurized air. The aforementioned surface detection, indentation, and tip cleaning procedures 
were performed between indents, for a total of up to ten times per tissue sample. Indents were 
separated by at least 500μm and no indent was made within 500μm of the sample edges.  
 
Superflexor tendon samples were harvested from a total of 19 porcine feet and distributed as 
follows: longitudinal orientation (n = 5), lateral orientation (n = 10), and intermediate 
orientation (n = 4).               
2.3 Data Processing and Statistical Analysis  
 
While the Oliver-Pharr analysis is traditionally applied to the unloading curve, a deviation is 
justified for soft tissue (Taylor et al., 2013). In our data processing, the Oliver-Pharr method was 
performed on loading curve; the unloading curve was not considered because it contains artifacts 
of adhesion between the sample and the tip that cannot be easily decoupled (Kohn & Ebenstein, 
2013). Further support of choosing the loading segment for soft tissue indentation analysis comes 
from strong prior evidence of only elastic deformation occurring during loading (Taylor et al., 
2013).  
 
The Oliver-Pharr method is based on Hertzian elastic contact mechanics and Sneddon’s 
solutions for a range of rigid punch geometries (Gupta, 2008). Using this method, the reduced 
elastic modulus (!!) is is given by Equation 1 and is related to the Young’s modulus by the 
sample’s Poisson’s ratio. However,  
 !! = !! !!!    [Equation 1] 
 
where S is the measured contact stiffness  
where Ac is the contact area at the maximum force 
 
Load-displacement data served as input into a custom routine in MATLAB (MathWorks, 
Nattick, Massachusetts). A power-law fit was applied to the loading curve to calculate the contact 
stiffness, S, or the slope of loading curve at the peak displacement. The final output from the 
program contained the reduced modulus and the stiffness for each indent.  The contact area at 
the maximum force, !!, was calculated based on the circular geometry of the flat punch tip with 
a radius (!) of 250μm. 
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Data was grouped by sample orientation type into three groups: longitudinal, lateral, and 
intermediate orientations. One-way ANOVA with Tukey’s post-hoc test was used to determine 
whether differences in elastic modulus were significant between groups. All values are presented 
as means ±SE. Significance was defined as ! < 0.05.  
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Chapter 3. Results 
 
3.1 Effects of Contaminated Probe on Mechanical Properties 
 
Our results reveal that the tip became progressively more contaminated with biological debris 
with successive indentations, even for few indentations, and that the contamination clearly has 
adverse effects on the subsequent measurements of elastic properties of the soft biological tissue. 
Figure 5A shows an optical image of the indentation probe with complete build-up of biological 
debris.  Figure 5B, 5C, 5D document the progression of tip cleaning using methanol-soaked 
cotton swabs. Figure 5E is an image of a clean tip. Data from initial testing conducted to establish 
the experimental protocol show that !!  inconsistently increases between consecutive indents (see 
Figure 6). This effect was observed for both lateral and longitudinal orientations and was 
mitigated through cleaning the tip between each indent.  
 
 
 
 
 
Figure 5. The reduced modulus increases inconsistently between indents in the presence of 
biological debris on the indentation probe. It appears to result in more outliers; indents five 
through nine for the lateral orientation are two standard deviations above the sample mean of 
21.58kPa found for the lateral orientation.  
 
 
 
 	   
 
 
 
 
 
 
 
500μm   
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Figure 6. The reduced modulus increases inconsistently between consecutive indents in the 
presence of biological debris. There are more outliers when the tip is not regularly cleaned 
between successive indents. Indents #5, #6, #7, #8, #9 are two standard deviations above the 
sample mean of 21.58kPa found for the lateral orientation in this study.  
 
3.2 Effects of Orientation on Mechanical Properties 
 
Representative load-displacement curves for each sample orientation type are shown in Figure 7. 
Similar load and unload behaviors are observed across orientations, and the linear nature of the 
loading segment across orientations is indicative of elastic deformation (Taylor et al., 2013). 
Evidence of adhesion between the tip and the sample during tip withdrawal is found in the 
unloading curve not returning to 0μN (Kohn & Ebenstein, 2013). 
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Figure 7. Representative raw load-displacement curves for each orientation type.  
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Figure 8 shows the collective reduced modulus data for each orientation type. Lateral indentation 
measurements were made on 10 samples and a total of 52 data points.  For the lateral orientation, 
the E! averaged 21.58kPa (±0.24 SE). Intermediate indentation measurements were made on 6 
samples and a total of 26 data points. For the intermediate orientation, the !!  averaged 24.26kPa 
(±0.56 SE). Longitudinal indentation measurements were made on 5 samples and a total of 32 
data points. For the longitudinal orientation, the !!  averaged 27.25kPa (±0.50 SE).  These 
reduced moduli were not significantly different based on the one-way ANOVA (p=0.20). The 
collective reduced modulus data for each orientation type is shown in Figure  
 
 
 
 
 
 
 
 
 
Figure 8. Average reduced modulus for each orientation type. Error bars are  ±SE.  
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Chapter 4. Discussion 
 
Instrumentation indentation, also known as nanoindentation, is an emerging technique for 
probing mechanical properties of soft materials, including tissue (Charitidis, 2011). It has already 
been used to study the mechanical properties of a variety of biological tissues, including cartilage 
(Li et al., 2006), sclera (Nayar et al., 2011), bone (Feng, Chittenden, Schirer, Dickinson, & Jasiuk, 
2012), arterial tissue (Taylor et al., 2013), and dentin (Marshall et al., 2001). While previous 
studies have evaluated properties of soft tissue using instrumented indentation, tendon or soft 
tissue anisotropy have not been subjects of previous nanoindentation investigations. Tendon has, 
however, been the subject of millimeter length scale indentation (Zobitz, Luo, & An, 2001). 
Compared to nanoindentation, millimeter length scale indentation is limiting. It does not 
provide the length scale or the high spatial resolution necessary for studying micro-level 
hierarchy and heterogeneity in soft tissue. Furthermore, it does not allow the use of small 
volumes of soft tissue. Overall, compared to traditional mechanical testing modalities, 
instrumentation indentation offers several unique advantages for soft tissue. Our research sought 
to measure elastic anisotropy in tendon using this technique.  
 
Tendon microstructure is well established, and its anisotropy has been previously investigated 
using bulk mechanical testing modalities. Since tendon primarily bears tensile loads in vivo, 
tensile properties of tendon are commonly investigated. In tension, tendon acts anisotropically, 
exhibiting greater stiffness and strength when loaded along its long-axis (Mortensen, 2006). 
Compression studies on tendon are comparatively sparse, but anisotropy to a certain extent has 
also been observed in this testing modality (Williams et al., 2008). While nanoindentation does 
not equate to compression or tensile testing, it bears greater resemblance to compression testing. 
A probe is driven into the sample according to a pre-specified displacement at a defined loading 
rate, and is sequentially withdrawn from the sample in order to complete an instrumented 
indent. Subsequently, contact mechanics theory is applied to extract elastic mechanical 
parameters from the load-displacement data.  
 
Superflexor tendon from porcine feet was harvested and sliced to achieve three separate 
indentation surfaces or “directions”: longitudinal, lateral, and intermediate. Each configuration 
was markedly different from the others in its orientation of the collagen fibers relative to the 
vertical indentation axis. The average reduced elastic moduli for the three groups ranged from 
22kPa to 27kPa. Young’s modulus can be derived from the reduced elastic modulus if the 
material’s Poisson’s ratio is known. Generally, soft tissue is considered incompressible. Based on 
this assumption, a Poisson’s ratio near 0.50 is typically assumed in prior literature (Feng et al., 
2012; Nayar et al., 2011); however, to avoid an unsubstantiated assumption in our analysis, 
Young’s modulus for tendon was not calculated. Still, the reduced elastic moduli are within the 
same order of magnitude as the elastic properties that have been reported previously for tendon 
(Williams et al., 2008; Zobitz et al., 2001). 
 
Williams et al. (2008) evaluated the anisotropic behavior and the strain rate dependency of rabbit 
patellar tendon under compressive loads. Here, effect of orientation was found for the 
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compressive modulus under monotonic loading, but no similar effect was observed for the 
equilibrium compressive modulus. Grouping both the longitudinal and transverse orientations, 
the monotonic compressive modulus ranged from 0.19kPa to 20.09kPa for the rabbit patellar 
tendon. Lee et al. (2000) studied compressive stiffness of cadaveric supraspinatus tendons using a 
millimeter length scale indentation approach combined with an optimization analysis technique. 
Stiffness values for the cadaveric tendon were between 1g/mm and 5g/mm. To compare, stiffness 
values in our investigation averaged around 1.25g/mm for the three orientations. 
 
While the magnitude of the measured elastic parameters are were agreement with previous 
investigations, no effect of orientation was seen on the reduced modulus, suggesting that elastic 
anisotropy is absent in instrumented indentation measurements of the porcine superflexor 
tendon. These results are best interpreted in the context of indentation strain. Indentation strain 
is defined as a ratio of the maximum penetration depth to sample thickness. While indentation 
strain cannot be easily linked to engineering strain, it provides an analogous measure for 
comparing data from this study to previous investigations. Data from Williams et al. (2008) show 
that the rabbit patellar tendon exhibits anisotropy when subjected to monotonic compression 
loading. A closer evaluation of the stress-strain data from this study reveals that effect of 
orientation exists at strains in excess of 10%. Up to ~10% strain, the same deformation response 
governs both orientations considered in William et al (2008). 
 
Our indentations were deep (10!") given the 15!"  displacement limit of the instrument 
transducer; however, our indentation strains do not exceed 1%. Considering this, it is reasonable 
to conjecture that there is a critical strain that governs the onset of anisotropy, and that this 
strain may be out of the scope for nanoindentation measurements. Biologically, this strain may 
be related to strain-stiffening of collagen fibers. Following this logic, the isotropic extrafibrillar 
matrix would absorb a majority of the deformation at low strains, and the collagen fibers would 
become engaged and respond to the deformation at higher strains. In other words, the softer, 
isotropic matrix responds to the indentation before the stiffer fibers begin responding to 
indentation. Full understanding of the fractional contributions of the isotropic extrafibrillar 
matrix and the collagen fibers to resist the total deformation at a given strain requires 
information about the real-time microstructural changes that take place as the sample is 
deformed.  This data is lacking in literature because there is no current experimental approach to 
precisely measure such deformations during indentation.  
 
Nanoindentation of soft tissue has historically been an area of known and significant challenge. 
Some difficulties related to nanoindentation of soft tissue include minimizing adhesion between 
the tip and sample, locating the sample surface, choosing a suitable indentation probe, and 
immobilizing tissue (Charitidis, 2011). However, an issue that has not received significant 
attention in literature pertains to the necessity of “cleaning” the indentation probe between 
successive indents. Although this procedure significantly extends the duration of testing, our 
protocol-development research found that this cleaning step was necessary for data integrity.  
Measurements made using a contaminated tip trended towards an increasing reduced modulus; 
when in actuality, the increased force at a given displacement was likely due to greater adhesive 
forces between the indentation probe and the sample. During an indent, the tip makes “sticky” 
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contact with the biological sample, and its byproduct is a thin layer of biological residue that 
must be manually cleaned. When the indentation probe is not kept free of biological remnants, 
there was a tendency for the interaction forces between the sample and the indentation probe to 
become so strong that the force limit of the instrument was exceeded, causing the instrument to 
experience a fatal error. Identifying and offering a solution for the problem of a contaminated 
indentation probe represents a major contribution to the ongoing development of repeatable and 
reproducible methodology for soft tissue measurements using instrumented indentation. 
 
Compared to tensile and compression testing modes, nanoindentation offers greater clinical 
diagnostics promise therefore soft tissue measurements using this technique are of great interest. 
There is presently a shortage of literature in this area, and the aim of this study was to begin 
filling this gap in knowledge by studying soft tissue anisotropy. Although tendon anisotropy was 
not detected in this study using this technique, nanoindentation still appears to be a reliable 
technique for performing comparative measures of soft tissue, such as healthy and diseased 
tissue, which is clinically relevant. With this technique, we were able to achieve consistent 
measurements across samples and configurations.  
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Chapter 6. Appendix 
6.1 Sample Preparation  
 
Procurement of Porcine Feet  
 
Porcine feet used in this research study were procured from the County Market grocery store 
(331 E Stoughton St., Champaign, IL, 217-352-4123). The feet are packaged in pairs and are kept 
frozen in the Meat Department.  
 
Storage of Porcine Feet  
 
If samples need to be stored, it is recommended that samples be stored at -20°C for short-term 
storage.  However, the best practice for long-term storage for biological samples is -80°C. There 
is no consensus in literature on the effect, if any, of freezing on the mechanical properties of 
biological tissue.  
 
Harvesting of the Superflexor Tendon  
 
The superflexor tendon is best accessed through the plantar surface of the foot. Please see the 
image below; it identifies the anatomical location of the superflexor tendon. There is a thin 
sheath that wraps around the tendon and there may also be remnants of extraneous tissue. These 
both should be removed to isolate the superflexor tendon.  
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Cuts to Generate Lateral, Intermediate, and Longitudinal Test Groups 
 
The superflexor tendon should be cut according to the dotted guides provided in Figure 2 to 
generate the lateral, intermediate, and longitudinal test groups. Below, from left to right, actual 
samples are shown from the longitudinal, intermediate, and lateral test groups.  
 
	   	    
 	  
Mounting of Sample on the Coverslip 
 
Samples should be kept hydrated at all times with Phosophate Buffered Saline (PBS). When ready 
to mount sample onto a glass coverslip, remove sample from solution, and lightly pat try one of it 
surfaces using a Kimwipe®. Place a drop of cyanoacrylate on the center of the glass coverslip. 
Place sample in its desired orientation on top of the drop of cyanoacrylate. Once the sample is 
placed, gently push down to ensure contact and spreading of the cyanoacrylate through the entire 
underside of the sample.  	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Mounting of Sample in the Petri Dish 	  
The image below illustrates the mounting of the sample that is on the cover slip from the prior 
step in the petri dish. Once the sample has been placed securely inside the petri dish using 
cyanoacrylate, the petri dish should be filled to its top with Phosphate Buffered Saline (PBS).	  	  	  
	  	  
Placement on the Petri Dish on the Hysitron Triboindenter Stage  
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6.2 Tips for Performing Indents in Soft Tissue  	  
Cleaning of the Indentation Probe 
 
1. The biological debris is best removed using Methanol. Although other solutions, such as 
Acetone, were considered, Methanol acts as the best dissolvent of the biological debris on 
the indentation probe.  
2. The cleaning procedure requires the use of an optical microscope. The optical microscope 
helps visualize the tip far better than is possible with the naked eye. 
3. Grip the indentation probe using biological tweezers/forceps using your less dominant 
hand. With your dominant hand, begin tip cleaning by gently sliding the cotton swap in a 
side-to-side fashion using a cotton swab soaked in Methanol. Visualize under the optical 
microscope to see if all debris has been removed.  Repeat step 3 until tip is fully clean.  
 
Imaging Mode  
 
1. Testing using the imaging mode function in the Hysitron Triboindenter greatly 
accelerates testing.  This is the preferred approach for testing biological tissue.  
2. Approach sample with an elevated set point force to ensure false engagement with the 
sample does not happen. There is no hard-set formula for this part of the process; rather, 
it entails trial-and-error.  
 
 
Useful References  
1. Hysitron publishes a white paper on testing soft tissues with alternative approaches. This 
document may prove useful as a reference. This document can be obtained directly from 
Hysitron.  	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6.3 MATLAB Code for Data Analysis   	  
The MatLab framework and logic for data analysis completed with the assistance of Mina Hanna, 
PhD Candidate at Stanford University and Ashish Jagtiani, PhD.  	  
Main_lsq.m 
 
% Main program which imports all data files and runs the necessary 
% conversions and data processing 
 
clear;clc;close all 
format long e 
%%---Reading input files and setting folder paths 
%Enter the folder path only for the file to be processed here 
folder_name=input('Please enter the path where the data files are\n stored (path enclosed in 
single quotes) example ''C:\\MATLAB\\work\\''(default path): \n'); 
 
%default path-->'C:\MATLAB\work\'; 
if(isempty(folder_name)==1) 
    fprintf('\n\nNo file name entered..Using default file path ''C:\MATLAB\work\ ''\n\n'); 
    folder_name='C:\MATLAB\work\'; 
end 
 
% Get the list of files and the order of the files which are to be procesed 
% from files.txt 
file_list=importdata('files.txt'); 
N=length(file_list); 
fprintf('\n Total %d files will be read from the source folder', N); 
 
 
%% This part reads the multiple files from the folder and does the 
%% necessary processing  
subplot (211) 
for i=1:N 
 
    file_name=file_list{i}; 
    %fprintf('Source file = %s\n',file_name) 
    file_to_read=strcat(folder_name,file_name,'.txt'); 
    importfile(file_to_read); 
 
    % read only the first 2000 samples from first two columns  
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    tempdata=data(1:2000,1:2); 
 
    %Acquire the last value of the displacement in the dataset (Col 1 in each dataset, 2000th value) 
    N_h=length(tempdata); 
    h(i,1)=tempdata(N_h,1)*10^-9;   %conversion from nm to m 
    Load_first=tempdata(1,2);       % First value from load column used to normalize the data 
    clear data; 
 
    %stored data into the matrix  
    A(:,2*i-1)=tempdata(:,1)*10^-9;   % Depth in m 
    A(:,2*i)=abs((tempdata(:,2)-Load_first)*10^-6); % absolute and normalized values of load in N 
 
    %plot col1 on x -axis (Depth) and plot Col 2 on y axis (Load) 
    plot(A(:,2*i-1),A(:,2*i),'o'); 
    hold all 
 
    %% Calculating power fit coefficient output data is stored in a_power.txt 
%     coeff_power_temp=polyfit(log(A(5:2000,2*i-1)),log(A(5:2000,2*i)),1); 
%     %col 1 is a col 2 is b in aX^b 
%     coeff_power(i,:)=[exp(coeff_power_temp(2)) coeff_power_temp(1) ] ; 
%%Lsq curve fir of the form aX^B 
    coeff_fit(i,:)=curve_fit_lsq(A(5:2000,2*i-1),A(5:2000,2*i)) 
 
end 
xlabel('Depth (m)'), ylabel('Load (N)'); 
legend(file_list); 
title('Load Displacement curve (Raw Data)'); 
axis tight; 
 
fprintf('\nValue for power fit for aX^b\n'); 
fprintf('\t\t\t\ta\t\t\t\t\t\tb\n'); 
disp(coeff_fit); 
 
%%plot power curve fit data 
hold off 
subplot (212) 
for i=1:N 
   
    y_new_power=zeros(1:2000,1); 
    
    y_new_power=coeff_fit(i,1).*(A(:,2*i-1).^coeff_fit(i,2)); 
    plot(A(:,2*i-1),y_new_power,'-'); 
    hold all; 
     
end 
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xlabel('Depth (m)'), ylabel('Load (N)'); 
legend(file_list); 
title('Load Displacement curves (power fit aX^b)') 
axis tight; 
%%----File saving-------- 
% Save matrix A which contains the first 2000 values for Load and depth 
% data 
file_to_save_data=strcat(folder_name,'data.txt'); 
save(file_to_save_data,'A', '-ascii') 
 
% Data from the power fit Y=aX^b 
%First colum is a and second col is b 
file_to_save_polyfit_apower=strcat(folder_name,'a.txt'); 
a_power=coeff_fit(:,1); 
save(file_to_save_polyfit_apower,'a_power', '-ascii') 
 
file_to_save_polyfit_bpower=strcat(folder_name,'p.txt'); 
b_power=coeff_fit(:,2); 
save(file_to_save_polyfit_bpower,'b_power', '-ascii') 
 
%Last value from the displacement column of all the datasets in the folder 
%from the current dataset this would be 6000 
file_to_save_displacement_h=strcat(folder_name,'h.txt'); 
save(file_to_save_displacement_h,'h', '-ascii') 
 
%Saving the fig file 
output_fig=strcat(folder_name,'Load_displacement_curve'); 
saveas(gcf, output_fig, 'png') 
 
%% post processing to calculate reduce modulus and stiffness 
[hmax,E1,Py]=postprocess(); 
format long e 
fprintf('\nThe maximum Depth is (in m)\n'); 
disp(hmax); 
fprintf('\n The reduced elastic Modulus is (in KPa):\n'); 
disp(E1); 
fprintf('\n Stiffness(in N/m):\n '); 
disp(Py); 
 
%% saving post processing data 
 
%hmax data 
file_to_save_hmax=strcat(folder_name,'h_max.txt'); 
save(file_to_save_hmax,'hmax', '-ascii') 
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%Elastic modulus in KPa 
file_to_save_E1=strcat(folder_name,'E1.txt'); 
 
save(file_to_save_E1,'E1', '-ascii') 
 
%Stiffness in KPa 
file_to_save_Py=strcat(folder_name,'Py.txt'); 
save(file_to_save_Py,'Py', '-ascii') 
 
curve_fit_lsq.m 
 
function [coeff_lsq]=curve_fit_lsq(xdata,ydata) b0=1; m0=0.5; x0=[b0,m0]; 
options=optimset('MaxFunEvals',1000,'TolFun',1e-12); 
[coeff_lsq,resnorm,residual,exitflag,output]=lsqcurvefit(@myfun,x0,xdata,ydata,[],[],options); 
b_lsqopt=coeff_lsq(1); m_lsqopt=coeff_lsq(2); calc_ydata_lsq=b_lsqopt.*xdata.^m_lsqopt; 
 
myfun.m 
 
%%Setting up the least squares optimization function  
%Setting up the function to be evaluated function 
 F=myfun(x,xdata)  
%a=x(1);  
b=x(1);  
m=x(2); 
F=b*xdata.^m; 
 
postprocess.m 
 
% MATLAB Analysis - Brad Behnke/ J. Delp  
 
function [hmax,E1,Py]=postprocess() 
 
%--------------------------------------------------------------% 
 
A_data= load('a.txt'); % Read file with polynomial coeff 
P_data= load('p.txt'); % read file with powers of polynomial coeff will alway be one in case of 
linear fit 
H_data= load('h.txt'); % read file with last depth values 
 
%--------------------------------------------------------------% 
 
 
A1= A_data(:,1);  % Read the coeff into array A1 
P1= P_data(:,1);  % these are the power coeff 1 in the case of linear fit 
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hmax = H_data(:,1); % all the values for the last depth in m 
 
% mostly unchanged from delph.m 
Py= A1.*P1.*(hmax.^(P1 - 1));  
A = pi*(250/10^6)^2; % Tip Area function 
y = A.^(1/2); 
B = 1.000; % Constant  
E1 = (((pi^(1/2))/2)*(Py./(y)))/B; %Oliver and Pharr p.18 eq 25, 2004 review publication 
E1=E1/10^3; 
%% Uncomment this section if you would like to use the function to diplay 
%% the output. The function passes hmax, E1 and Py to the main program and 
%% the value should be visible in the workspace 
 
% disp('Maximum Depth'); 
% hmax = hmax % in m 
% disp('Reduced Elastic Modulus in KPa'); 
% E1 = E1/(10^3) 
% disp('Stiffness in N/m'); 
% Py 
% disp(' END  '); 
 
importfile.m 
 
function importfile(fileToRead1) 
DELIMITER = '\t'; 
HEADERLINES = 4; 
% Import the file 
newData1 = importdata(fileToRead1, DELIMITER, HEADERLINES); 
% Create new variables in the base workspace from those fields. 
vars = fieldnames(newData1); 
for i = 1:length(vars) 
    assignin('base', vars{i}, newData1.(vars{i})); 
end 
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6.4 Raw Data for Each Orientation Type    	  
Intermediate Orientation 
 
Overview of Intermediate Orientation 
Total # of Data Points: 26 
  E (kPa) S (N/m) 
Averages 24.26 12.13 
ST DEV 14.67 7.33 
STD ERR 0.56 0.28 
 
Data Analysis for Intermediate Orientation at the Indent Level  
 
112313-TendonIntermediatelyOriented-C 
  E (kPa) S (N/m) p  
a1 DC 10.22 5.11 1.27 
a2 DC 33.10 16.55 1.06 
a5 DC 10.60 5.30 1.14 
a6 DC 11.10 5.55 1.07 
a8 DC 17.74 8.87 1.11 
        
        
112413-TendonIntermediatelyOriented-A 
  E (kPa) S (N/m) p  
a1 DC 10.28 5.14 0.99 
a2 DC 36.52 18.26 1.01 
a3 DC 21.26 10.63 1.12 
a4 DC 40.13 20.06 1.07 
a5 DC 24.47 12.24 1.11 
a6 DC 46.39 23.20 1.07 
a7 DC 18.72 9.36 1.13 
a8 DC 41.70 20.85 1.07 
a9 DC 9.83 4.91 1.37 
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112413-TendonIntermediatelyOriented-B 
  E (kPa) S (N/m) p  
a1 DC 6.43 3.22 1.44 
a3 DC 11.45 5.73 1.43 
a4 DC 56.49 28.24 1.07 
a5 DC 20.09 10.04 1.18 
a7 DC 51.07 25.54 1.04 
a8 DC 15.54 7.77 1.16 
        
        
112413-TendonIntermediatelyOriented-D 
  E (kPa) S (N/m) p  
a1 DC 7.85 3.93 1.44 
a2 DC 33.12 16.56 1.08 
a3 DC 13.20 6.60 1.39 
a4 DC 15.68 7.84 1.26 
a5 DC 34.34 17.17 1.10 
a6 DC 33.44 16.72 1.10 
 
Lateral Orientation 
 
Overview for Lateral Orientation 
Total # of Data Points: 52 
  E (kPa) S (N/m) 
Averages 21.58 10.79 
ST DEV 12.44 6.22 
STD ERR 0.24 0.12 
 
Data Analysis for Lateral Orientation at the Indent Level  
 
 
112413-TendonLaterallyOriented-SampleA 
  E (kPa) S (N/m) p  
a1 DC 11.68 5.84 1.24 
a2 DC 32.03 16.01 1.07 
a5 DC 31.37 15.68 1.07 
a6 DC 17.09 8.54 1.11 
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a8 DC 35.22 17.61 1.05 
        
112313-TendonLaterallyOriented-FAIL 
  E (kPa) S (N/m) p  
1 DC 6.71 3.35 1.63 
2 DC 13.28 6.64 1.14 
3 DC 25.88 12.94 1.24 
        
        
112313-TendonLaterallyOriented 
  E (kPa) S (N/m) p  
3 DC 10.80 5.40 0.79 
4 DC 30.07 15.03 0.91 
5 DC 10.76 5.38 0.80 
6 DC 33.09 16.54 0.92 
9 DC 28.72 14.36 1.05 
10 DC 13.23 6.61 1.17 
11 DC 37.68 18.84 1.07 
13 DC 13.85 6.93 1.15 
14 DC 13.31 6.65 1.18 
15 DC 13.08 6.54 1.21 
        
        
112213-TendonLaterallyOriented 
  E (kPa) S (N/m) p  
a ct DC 10.81 5.40 1.38 
g ct DC 44.04 22.02 1.07 
h ct DC 9.78 4.89 1.31 
i ct DC 9.89 4.94 1.35 
j ct DC 10.99 5.49 1.29 
k ct DC 9.49 4.75 1.33 
        
        
112113-TendonLaterallyOriented 
  E (kPa) S (N/m) p  
d ct DC 35.67 17.84 1.06 
f ct dC 16.78 8.39 1.22 
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g ct DC 29.15 14.57 1.11 
h ct DC 14.08 7.04 1.18 
i ct DC 10.96 5.48 1.40 
j ct DC 8.05 4.03 1.15 
k ct DC 7.92 3.96 1.15 
l ct DC 7.80 3.90 1.12 
m ct DC 7.77 3.89 1.13 
        
        
112013-TendonLaterallyOriented-B 
  E (kPa) S (N/m) p  
a DC 8.19 4.10 1.05 
b DC 36.57 18.29 1.01 
c DC 8.93 4.46 0.97 
d DC 47.37 23.69 1.00 
        
        
112013-TendonLaterallyOriented 
  E (kPa) S (N/m) p  
a DC 36.49 18.25 1.03 
d CT DC 15.89 7.94 1.06 
x DC 9.88 4.94 0.94 
y DC  19.71 9.85 1.01 
        
        
111713-TendonLaterallyOriented 
  E (kPa) S (N/m) p  
2 DC 23.60 11.80 1.07 
7 DC 28.77 14.39 0.93 
8 DC 35.70 17.85 0.97 
13 DC 40.16 20.08 1.05 
        
        
111613-TendonLaterallyOriented 
  E (kPa) S (N/m) p  
3 DC 26.79 13.40 0.88 
8 DC 41.81 20.91 0.92 
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12 DC 51.05 25.53 1.00 
21 DC 28.41 14.21 1.02 
24 DC 24.00 12.00 1.04 
        
        
111413-TendonLaterallyOriented 
  E (kPa) S (N/m) p  
5 DC 14.74 7.37 1.12 
10 DC  13.09 6.55 1.14 
 
 
Longitudinal Orientation 
 
Overview of Longitudinal Orientation 
Total # of Data Points 32 
  E (kPa) S (N/m)     
Averages 27.25 13.63     
ST DEV 15.96 7.98     
STD ERR 0.50 0.25     
 
Data Analysis for Longitudinal Orientation at the Indent Level 
 
 
112213-TendonLongitudinallyOrientedB 
  E (kPa) S (N/m) p  
3 DC 15.31 7.65 1.25 
4 DC 38.75 19.37 1.09 
5 DC 14.52 7.26 1.28 
6 DC 28.14 14.07 1.08 
7 DC 16.40 8.20 1.27 
8 DC 9.94 4.97 1.25 
10 DC 13.67 6.83 1.15 
11 DC 13.40 6.70 1.16 
        
        
112213-TendonLongitudinallyOriented 
  E (kPa) S (N/m) p  
a DC 13.05 6.52 1.12 
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b ct DC 35.95 17.98 1.13 
d ct DC 36.07 18.04 1.14 
e ct DC 33.55 16.77 1.11 
g ct DC 13.18 6.59 1.28 
i ct DC 17.66 8.83 1.11 
m ct DC 17.39 8.70 1.26 
n ct DC 15.16 7.58 1.23 
        
        
112113-TendonLongitudinallyOriented 
  E (kPa) S (N/m) p  
a ct DC 7.78 3.89 1.06 
b ct DC 23.33 11.66 1.17 
c ct DC 11.90 5.95 1.28 
d ct DC 18.64 9.32 1.13 
e ct DC 44.59 22.29 1.05 
f ct DC 30.97 15.49 1.05 
h DC 13.29 6.65 1.34 
k DC 17.42 8.71 1.22 
        
        
111713-TendonLongitudinallyOriented 
  E (kPa) S (N/m) p  
3 DC 28.24 14.12 1.02 
7 DC 65.14 32.57 1.03 
11 DC 62.44 31.22 1.13 
17 DC 54.28 27.14 1.05 
        
111513-TendonLongitudinallyOriented 
  E (kPa) S (N/m) p  
5 DC 39.91 19.95 0.90 
19 DC 27.18 13.59 0.89 
27 DC 42.49 21.24 1.22 
31 DC 52.35 26.17 1.18 
 
